We have developed a smart energy harvester that generates electrical energy from multi-modal vibrations. The harvester consists of a digital processor and a piezoelectric sensor, which allows the application of a technical method to improve the energy-conversion efficiency. The method is implemented by measuring the vibration displacements, processing the data digitally, and adequately regulating electric switches. These operations are managed by a built-in digital processor. The driving power for the digital processor is satisfied with a part of the energy harvested from structural vibrations. Thus, the harvester operates flexibly with the digital processor to enhance electrical energy generation, and requires neither batteries nor an external power supply. We refer to the proposed device as a self-powered energy harvester. An advantage of digital processing is that observations by a Kalman filter can be used to estimate modal structural vibrations. In addition to reducing sensor noise, the digital filter extracts modal values from the measured displacement data. Here, we describe the basic configuration of the proposed harvester and demonstrate energy harvesting from multi-modal vibrations for a structure with 2 degrees of freedom (DOF). We assess the internal energy consumption of self-powered control devices, such as the digital processor and DC/DC converter. In addition, we show the robustness of the proposed harvester by conducting a harvesting experiment with electrical noise. The results demonstrate that the selfpowered energy harvester generates more electrical energy from 2DOF vibrations than does a conventional harvester, and accurately operates under noisy conditions.
Introduction
Energy harvesting refers to the generation of electrical power from natural energy sources such as solar power, wind power, radio waves, and mechanical vibration. The technology has attracted much attention as a clean power source that can arrest global warming by reducing the use of fossil fuels. Energy harvesting is also expected to be used for portable power sources. It can replace primary batteries and eliminate battery exchange for low-power electric devices. This study addresses the harvesting of energy from structural vibrations (i.e., vibrational energy harvesting). The target structures include automobiles, airplanes, artificial satellites, and bridges. We employ piezoelectric materials to convert vibrational energy into electrical energy.
The so-called standard harvester, which consists of a rectifier and storage capacitor, is a conventional circuit for vibration energy harvesting. The electrical energy generated by a piezoelectric transducer is passed through the rectifier and stored in the storage capacitor. Although the standard harvester easily collects vibrational energy, its generation capability is limited. Hence, various styles of harvester circuits have been proposed to improve the harvesting efficiency. Anton et al. (2007) reviewed various styles of piezoelectric energy harvesting and classified them by the means used to improve the efficiency and power generation: through the piezoelectric mechanical configuration or circuitry configuration. Meanwhile, Ottman et al. (2002) studied an adaptive DC/DC converter to maximize the power output from piezoelectric materials, whereas Cornwell et al. (2005) proposed an approach to improve the power output by using a tuned auxiliary structure. Kim et al. (2005) considered structural factors to maximize the electrical energy output in relation to given constraints. A piezoelectric actuator that employs active vibration control does not consume power from an external source but removes and regenerates the energy from a single-degree-of-freedom (SDOF) oscillator. Nakahara and Fujimoto (2011) showed that an energy-regenerative active vibration control method could be realized using class D amplifiers instead of conventional linear amplifiers. Adachi and Sakamoto (2012) derived the energy transfer efficiency for an energy harvester of the piezoelectric bimorph cantilever-type from energy balance equations. They estimated that the energy transfer efficiency was approximately 30%. Masuda et al. (2013) , who analyzed a resonance-type vibration energy harvester with a Duffing-type nonlinear oscillator, exploited the principles of self-excitation and forced entrainment to realize a wideband nonlinear harvester.
Research on vibration suppression techniques may also be informative for advancing vibrational energy harvesting. Nakano et al. (1999) proposed an active self-powered suspension system, which used an electromagnetic expression actuator and an electric circuit with a changeover switch comprised of a ball screw that converted the rotation of the electric motor into translation. Guyomar et al. (2005) extended the synchronized switch damping technique and proposed the synchronized switch harvesting on inductor (SSHI) technique. They proposed a way to invert the piezoelectric charge synchronized with structural vibration by applying an inductor and a switch to the harvester circuit. Their method enhances the conversion of vibrational energy to electrical energy.
The energy-conversion efficiency of the SSHI technique has been reported to be extremely high. However, it requires peripheral equipment (a calculator and laser displacement-meter) and depends on an external power source. To resolve these problems, we have proposed a self-powered system that is self-sufficient and digitally controls the harvesting circuit (Makihara, et al., 2012a) . To construct the self-powered energy harvester, we employed a digital processor and piezoelectric sensor instead of a PC and laser displacement-meter. The small peripheral control devices work with little power consumption. The harvesting system satisfies the power requirements of the control devices using the electrical energy harvested from structural vibrations. Consequently, the harvester performs effective vibration energy harvesting with no external power supply.
The three aims of this study are described below. The first is to evaluate the ability of our self-powered energy harvester to generate power from multi-modal vibrations. The proposed harvester, which is regulated by a built-in processor and employs digital control, extracts energy from complex multi-modal vibrations. This is extremely advantageous for energy harvesting. In a previous paper (Makihara, et al., 2012b) , we showed the ability of the harvester to generate power from simple harmonic vibrations only for the SDOF structure. Here, we use our self-powered energy harvester to demonstrate energy harvesting from 2DOF multi-modal vibrations. Experimental results of supplying power to load resistors suggest that the proposed harvester is superior to a conventional harvester.
The second aim is to investigate the internal energy consumption of the proposed energy harvester. The harvester supplies part of the harvested energy to the built-in processor so that the system is self-powered. The power that it can supply to outer electric elements is reduced by internal energy consumption. Therefore, elucidating the internal consumption is extremely important for the self-powered system. We measured the energy consumption in each control device and determined its ratio to the total energy consumption.
The third aim is to verify the robustness of the proposed energy harvester to sensor noise. Our harvester firmly aims at the target structural vibration modes for effective harvesting. However, vibrations in the natural environment are frequently disturbed by unexpected noise. We conducted an experiment that intentionally added electrical noise to the sensor voltage and verified the robustness of the harvester.
Basic configuration of smart energy harvester
We utilized the SSHI technique, which is an effective way of improving the efficiency of vibration energy harvesting. Equipped with a circuit including an inductor and switch regulations, SSHI inverts piezoelectric charges synchronized with structural vibrations. The voltage generated at the piezoelectric transducer is then amplified. SSHI is a promising way to improve the efficiency of vibration energy harvesting. This technique increases the voltage of the piezoelectric transducer; however, it requires a control authority to manipulate the switch. We used a digital processor to address this unsolved problem. Figure 1 shows the circuit diagram of our smart energy harvester. This harvester can roughly be separated into an energy harvesting circuit that acquires electrical power generated by a piezoelectric transducer and a controller circuit that regulates switches. In the harvesting circuit, the piezoelectric transducer, which is embedded in the structure, generates alternating voltage. The circuit on the left in Fig. 1 , which consists of two diodes, two switches, and an inductor, controls electric current. A diode-bridge rectifies the alternating voltage generated by the transducer. In the controller circuit, a digital processor is the essential element. The electrical energy acquired by the harvesting circuit is used to drive the processor. A DC/DC converter is employed to provide a constant voltage of 2 V. A piezoelectric sensor attached to the surface of the structure generates a voltage that is synchronized with the displacement of the vibrating structure. This voltage oscillates at approximately 0 V. However, the processor can only read a positive voltage in the range of 0 to 2 V. The central voltage around which the sensor voltage oscillates is then raised by 1 V to enable the processor to read the sensor information. The resistors R1 and R2 are used to create 1 V. On the basis of a Kalman-filter process, the processor estimates the modal displacements and velocities from the structural displacement information. The processor then sends signal outputs depending on the switching principle. The proposed energy harvester achieves efficient energy harvesting without any power supply or external control management whatsoever. Consequently, this energy-harvesting system is considered a self-powered device. 
Control theories applied to digital processor
Here, we describe the development of software for our smart energy harvester, which includes a digital processor that controls the harvester circuit and performs efficient energy recovery. The advantage of using a digital control device is that it allows the application of advanced control logic. The smart harvester realizes optimal switch control for the SSHI technique by adopting the switch control principle based on linear quadratic regulator (LQR) control. This principle is derived from the modal displacement and modal velocity of the vibrating structure. A Kalman filter, i.e., a well-known state observer, is employed to estimate the modal values. Because a Kalman filter has the ability of modal decomposition, it can handle multi-modal vibrations. Furthermore, because a Kalman filter also has the ability to reduce noise, it is conducive to the construction of a robust harvesting system. The smart harvester achieves high-performance digital control using a digital processor, with which the LQR control and Kalman filter are programmed.
Switch regulation mechanism based on LQR control
Let us consider a spring-mass-damper system with N degree of freedom (N-DOF). We assume that a piezoelectric transducer is installed between the first mass (upper mass in experimental apparatus) and the base.
The guiding principle of the switch regulation for multimodal vibration is based on our insight into semi-active vibration suppression (Makihara, et al., 2007) . The essential part of the circuit for semi-active vibration suppression is equivalent to the SSHI harvesting circuit. In the previous study (Makihara, et al., 2007) , we proposed a switch regulation theory for semi-active vibration suppression that is based on the LQR control. The proposed semi-active method works well in the experiments of suppressing multimodal vibrations. The semi-active method suppresses vibrations effectively by converting vibration energy to electrical energy. The purpose of the vibration suppression is rapidly decreasing the vibration energy. Focusing on the increase in electrical energy, the switch control of semi-active vibration suppression can be thought as effective energy harvesting. Thus, we apply the switch regulation theory of vibration suppression to energy harvesting from multimodal vibration.
The force produced by a piezoelectric transducer is expressed from the fundamental equation of piezoelectric materials as
Here, p b is piezoelectric coefficient. It is derived from piezoelectric constant to represent the relationship between electrical charge and force at the piezoelectric transducer. Then, the equation of motion for N-DOF structure including the piezoelectric transducer can be written as
The elongation of the transducer is related to the displacement of the structure with a constant vector α as
where α is the coefficient of elongation and displacement.
The equation of motion for the structure that includes the piezoelectric transducer can be written as
where the synthetic stiffness matrix K is defined as,
In modal coordinates, the equation of motion is expressed as
where
Here, the damping matrix Ξ is assumed as Rayleigh's damping. The transformation matrix Φ is decided so as to satisfy the equation T = Φ MΦ I . Equation (6) can then be transformed to
If Q in Eq. (9) is regarded as an active control input, LQR control theory specifies that the performance index
is minimized by
Here, 1 P is a positive solution of
The performance index J comprises two competing factors: the first and second terms in Eq. (11). Our method only refers to the polarity of T Q , as discussed in section 3.3. Thus, the meanings of 1 W and 2 W in the switching control systems are quite different from those in the standard guidelines. We attempt to semi-actively control the structural vibration by switching the circuit connection point instead of actively supplying a control charge or voltage to the actuators. In our semi-active approach, T Q is used as the switching criterion.
The discussion subsequent to Eq. (6) is valid even for a continuous structure such as a beam to which piezoelectric sheets are attached. The modal equation of motion for a continuous structure is equivalent to that of a spring-mass system.
State observation by Kalman filter
We implement a modal estimation of a 2DOF system as a modal truncation to facilitate an effective estimation. To execute a multi-modal estimation, the Kalman filter for the proposed system is derived, and energy harvesting is achieved using the estimated values of the modal velocities and displacements. Equation (9) 
Here, ex z is the estimated value of ex z and the observer gain matrix Γ is defined as
Here, 2 P is a positive definite solution of T T 1 ex 2 2 ex 2 ex 2 ex 2 1 − + − + = . A P P A P C S C P S 0
The noise covariance matrices for Eqs. (15) and (17) are 1 S and 2 S , respectively.
Switching principle based on switching criterion
The Kalman-filter estimates the state vector ex z . The estimated value ex z is then used to calculate the switching criterion as
Because our energy harvester has no electrical energy source for active input, the optimal input cannot be achieved as desired. We regulate two ON/OFF switches to make the piezoelectric charge Q as close to the optimal input (criterion) T Q as possible. That is, we regulate the switches so that the polarity of the piezoelectric charge Q is equal to the criterion T Q . Switch 1 and switch 2 allow electric current to flow from the positive terminal of the piezoelectric transducer to the negative terminal connected to the ground and vice versa, respectively.
When the criterion T Q changes from positive to negative, the piezoelectric charge Q should change to negative.
The processor then turns on switch 1. If the piezoelectric charge is positive, the LC-circuit begins to oscillate electrically and stops at the negative peak of the piezoelectric charge owing to the diode. If the piezoelectric charge is negative, it remains negative. When the criterion T Q changes from negative to positive, the processor turns on switch 2.
In conclusion, the switching principle is as follows:
when changes from 0 to 0, switch 1 is turned on while / , when changes from 0 to 0, switch 2 is turned on while / .
ω is the angular frequency of electrical oscillation in the LC-circuit.
Energy harvesting from 2DOF vibration by self-powered digital harvester
A harvesting experiment was performed under 2DOF vibration excitation. We employed a 2DOF experimental apparatus (Fig. 2) that consists of two masses, two springs, and a piezoelectric transducer. The pantograph structure between the upper mass and the platform worked as a spring. The mass-spring vibrating system consisted of two masses (upper and lower) and two springs (pantograph spring and coil spring). For converting vibration energy to electrical energy, a piezoelectric transducer was attached to the pantograph-shaped spring. It was inserted in the pantograph structure and fixed. In addition to the role of a spring, the pantograph-structure had a role of expanding the elongation of the transducer (in horizontal axis) into the displacement (in vertical axis) because the allowable elongation of piezoelectric transducers is generally small. The elongation of the transducer was proportional to the structural displacement. A piezoelectric sheet was used as a displacement sensor. This piezoelectric sheet was attached to the pinconnected part of the structure. The bending of the sheet generates the sensor voltage in proportion to the structural vibration. The basic parameters of the experimental apparatus are listed in Table 1 . The electrodes of the transducer were connected to the harvesting circuit, and the circuit harvested the vibrational energy in the 2DOF structure. The apparatus was excited using a vibration shaker. The excitation force was created by synthesizing two sinusoidal waves. These waves had the first and second mode natural frequencies of the structure. The natural frequencies at a constant electric charge were 20.02 and 36.01 Hz in the first and second modes, respectively. This excitation force was expected to excite the 2DOF structure in two natural vibration modes. The vibration intensities at two natural frequencies are markedly high in 2DOF structural vibration, and they contain almost all of the energy of the vibration. Thus, we focused on harvesting the energy from these two vibrational modes and excited the structure with the synthesized force. We assumed that the modal damping coefficient of both the vibration modes are sufficiently small. We also assumed that the vibration suppression effect caused by the switching actions can be neglected because the inertia of structure is large enough in comparison to the suppression force generated by the piezoelectric transducer. Figure 3 shows the energy-harvesting histories for the 2DOF vibrations using our self-powered harvester. The figure shows the piezoelectric and harvested voltages, together with the displacement of the upper mass. The time of switching (i.e., voltage inversion) changed in accord with the vibrational state. This is crucial for sophisticated energy harvesting, because unlike monotone switching at equally spaced intervals, sensitive and adaptive switching can handle multi-modal vibrations. Furthermore, the piezoelectric voltage can remain high because the timing of the switching directed by the harvester is appropriate for avoiding unnecessary energy dissipation. This leads to the desirable outcome of high harvesting performance for multi-modal vibrations. When the absolute piezoelectric voltage exceeds the storage voltage, the voltage generated at the piezoelectric transducer flows into the storage capacitor, after which the piezoelectric voltage remains nearly constant, like plateaus at the tops of the voltage waveform. The gaps between these plateaus and capacitor voltages are due to the forward voltage of the diodes in the rectifier. Figure 3 also shows that the waveform for the upper mass displacement is complex. We confirmed that the digital energy harvester could effectively capture electrical energy, even from a complicated target vibration (e.g., random or multi-modal vibrations).
To evaluate the generation capability of the proposed harvester, we conducted an experiment in which harvested power was supplied to outer electric loads during multi-modal vibration. We varied the resistance of a resistor connected to the storage capacitor in the harvesting circuit, and measured the power consumption at the resistor. The resistor imitated various electric devices that were assumed to be driven by the harvested energy. We compared the harvesting performance of the proposed harvester with that of the conventional standard harvester. Because the consumption of the resistors indicated the power supplied from an energy harvester, this experiment clearly demonstrated the harvesting performance of our system. In this experiment, the 2DOF experimental apparatus was excited to vibrate by an excitation force that was created by synthesizing two sinusoidal waves. The amplitude ratio of the first and second modes for the excitation force was 2 :1 . The vibration amplitude of the upper mass was normalized using a root mean square value of 0.1 mm. Figure 4 shows the energy consumption at the load resistors. The optimal resistance for power generation by each harvester can be seen in this figure. The maximum power supply of the proposed harvester at the optimal resistance of 39.6 kΩ (37.2 mW) is 30% higher than that of the standard harvester (28.7 mW). The increase in power supply by using the self-powered harvester depends on various factors, including the amplitude of structural vibration and the ratio of the first and second modes. This experiment demonstrates the possibility of the self-powered harvester generating greater power than the conventional standard harvester. The harvester works well at a high electric load resistance and exceeds the performance of the standard harvester at resistances over 20 kΩ. This is because the effect of switch harvesting, enhancing the energy transduction from vibration energy to electrical energy, is more effective when the piezoelectric voltage is maintained at a high level. When the resistance is under 20 kΩ, the resistor consumes excessive energy, and the piezoelectric voltage remains low. Therefore, because switch harvesting works poorly, the power generated by selfpowered energy harvesting becomes less than that of the standard harvester. 
Internal energy consumption of self-powered digital control system
In the proposed system, part of the harvested energy is supplied to and used by the digital processor. Thus, the generation system includes internal energy consumption. We measured the energy consumption of the main control elements (a digital processor and DC/DC converter) under actual harvesting conditions. We measured the voltage and current at the input and output sides of devices. To measure the current, resistors were inserted into the circuit in series. The resistances were 10 Ω. The electrical power was calculated by the multiplication of the voltage and current.
The energy consumption of the digital processor (Fig. 5 ) depends on the computational complexity. A program that regulates the switches for harvesting was coded in the processor. Two types of energy consumption were seen (constant and periodic). Constant energy consumption was approximately 3.7 mW. The periodic consumption is caused by the power output for switch regulation. The power output from the digital/analog port requires more energy than usual. Accordingly, the average consumption of the processor was calculated as 3.82 mW. Next, the input and output powers for the DC/DC converter as shown in Figs. 6 and 7, respectively. The converter performed step-down voltage conversion by regulating the internal switch. The average input and output power levels were 13.66 and 4.29 mW, respectively. Consequently, the energy consumption of the converter was 9.37 mW, and the conversion efficiency was 31.4%. This efficiency depends on the difference between the input and output voltages. In our system, the input voltage of the DC/DC converter is the voltage of the storage capacitor, which depends on the vibration amplitude of the structure. We performed an experiment to measure the conversion efficiency of the converter at certain input voltages. The average power levels of the input and output are shown in Fig. 8 with the calculated conversion efficiency. The figure reveals that the energy conversion efficiency degrades at a high input voltage. The converter has a power supply in the driving range and cannot function at a voltage below 5.0 V. At a storage voltage of 4.7 V, the converter did not supply the required output. A storage voltage of 13.1 V provided the highest performance for the converter.
The internal energy consumption of the harvesting system was summarized at a storage voltage of 24.9 V. The breakdown of the internal consumption is shown in Fig. 9 . Of the total energy consumption of 13.66 mW, the DC/DC converter, digital processor, and presumably the sensor accounted for 69%, 28%, and 3%, respectively. The converter accounts for the greatest proportion of the total consumption. Therefore, improving converter efficiency is expected to greatly increase the generation capability of the proposed harvester. 
Robustness of self-powered energy harvester
The smart harvester receives the information of the vibration stare from a piezoelectric sensor. In the absence of noise, the voltage of the piezoelectric sensor is proportional to the structural displacement (Fig. 10) . However, electrical noise may occur in the sensor signal. Excellent energy harvesters must operate stably even in the presence electrical noise. Hence, we investigated the influence of adding electrical noise to the sensor voltage on the harvester. In this experiment, we used a function generator to create an electrical noise of 60.0 Hz, which is the frequency of power supply generally used in Japan. Although, the proposed harvesting circuit is completely separated from the power supply, the target structures for harvesting, such as electric motors, are driven by a 60-Hz power supply. A 60-Hz presumably contaminates the sensor signal. In contrast, in the presence of electrical noise, the sensor voltage is not proportional to the structural displacement (Fig. 11) .
The digital processor measured the sensor voltage including the electrical noise, and controlled the switch on the basis of the measured data. The structural displacement and piezoelectric transducer voltage are shown in Fig. 12 . The smart energy harvester regulated the switches according to the structural displacement, and the piezoelectric voltage was inverted around the peaks of structural displacement. The smart harvester could handle noise-contaminated data by exploiting the Kalman filter. The harvester estimated the state of the apparatus correctly because the Kalman filter reduced noise and enabled precise switch control based on structural displacement. Time [s] This result can be interpreted from another perspective. The proposed harvester selectively extracted a vibrational wave of 23.1 Hz from a mixed vibration that consisted of the structural and noise waves. This result indicates that the smart harvester selectively extracts the modal values from multi-modal vibrations for effective harvesting. 
Conclusions
In this study, we have presented a synthetic assessment of the proposed self-powered energy harvester from several viewpoints. The harvester included a built-in digital processor driven by harvested energy, which led to smart digital control for effective harvesting. Our proposed harvester and principle of switching control can be applied to energy harvesting from multi-modal vibrations, which is more difficult than that from single-modal vibrations. In this paper, energy harvesting from 2DOF vibrations was verified as an example of effective harvesting from multi-modal vibrations.
We demonstrated energy harvesting from 2DOF vibrations with the proposed harvester. Its superiority was confirmed in experiments that supplied power to load resistors. The proposed harvester worked well at high electric load resistances. The generated capacity of the proposed harvester exceeded that of the standard harvester at resistances above 20 kΩ, because harvesting is effective when the piezoelectric voltage is maintained at a high level. At a resistance below 20 kΩ, the resistor consumed excessive energy and the piezoelectric voltage remained low. Therefore, the superiority of the selfpowered harvester to the standard harvester depends on the load resistance. The internal energy consumption was measured for the self-powered energy harvester. The consumption analysis suggested that the harvester should become more effective by reducing the consumption of the DC/DC converter. Robustness experiments in which electrical noise was added to the sensor data showed that the smart harvester is robust against sensor noise.
The applicability of the self-powered energy harvester to multi-modal vibrations was elucidated. We expect that this harvesting system will be utilized for effectively generating electrical energy from multi-modal vibrations in actual situations.
